Abstruct-This paper presents the design, implementation and testing of a single-phase distance relaying scheme for 25 kV 50 Hz AC traction system using a Texas Instruments TMS320C50 digital signal processor @SP), The three-phase system with substations, track section with rectifier-fed DC locomotives and a detailed traction load are modeled using Power System Block set (PSB) I SlMULlNK software package. The model has been used to study the effect of loading and fault conditions in 25 kV AC traction. The relay characteristic proposed is a combination of two quadrilaterals in the X-R plane in which resistance and reactance reaches are independentiy controllable. The algorithms, hardware and software are also briefly described.
I. INTRODUCTION he function of an AC traction system is to deliver power T to the locomotives as efficiently and economically as possible. Problems involved in providing protection to traction systems are different from those faced in protecting other transmission lines or distribution systems workmg at the same voltage level. This is due to the continuous movement of locomotive load, change in the length of the line during operation, nature of loading, voltage drop due to the flow of the lagging reactive current in inductive components of the overhead system and the high levels of harmonic distortion [I] . The situation is firther aggravated due to the use of DC series motors in electric locomotives, which draw large current on starting. It may happen at times that several locomotives run in the same section of the overhead equipment (OHE), leading to large increase in load. The impedance seen by the relay on such heavy loads may be even smaller than that on distant earth faults. Fig. 1 shows the typical feeding arrangement of a 25 kV electrified railway system The load current drawn by locomotives is rich in large odd harmonic components [Z] . The adjacent traction substations are fed from different phases of the three-phase supply in rotation having a phase difference of 120' . The supply to the OHE can be switched ONiOFF through intemptors. Normally power supply from the traction substation extends upto the sectioning post (SP) on either side of the substation, but in case of an emergency necessitating total shut down of the substation, it can be extended upto the failed substation by closing the bridging intemptors at the (ii) Phase-to-phase faults. The second fault can occur by accidental closure of the bridging interruptor at the SP during normal feeding condition or by a short circuit at the insulated overlap opposite a traction substation at times of emergency feed conditions. This is termed as Wrong phase coupling (WPC) fault. Under emergency feed conditions, however the zone would extend upto the next traction substation, which is double the normal zone and the relay should provide protection upto the end of next section.
The harmonic currents drawn by the dc motor locomotives degrade the power quality of the traction supply [3] . The excessive voltage drop due to the flow of lagging reactive current makes the performance of the system even worse.
Voltage regulation with shunt compensation allows overcoming these drawbacks. Static VAR Compensators (SVCs), Thyristor controlled reactors (TCRs) and Thyristor
Switched Capacitors (TSCs) can be used to provide such compensation. However, TCRs are expensive and require additional filters against the harmonic pollution they add into the system in addition to the harmonic load current. TSCs are cheaper devices and do not produce as much harmonic pollution as TCRs. They can provide step changes of the compensation levels from a shunt compensator. This paper presents the modeling, simulation, implementation and testing of a quadrilateral characteristic single-phase digital distance relay for 25 kV AC traction applications. A Texas Instruments TMS320C50 digital processor (DSP) has been employed to support the high-speed numeric processing capabilities required for high-speed transmission line protection. 
E. Substation and Track section model
Fig. 3 shows thf: modeling of Substation 1. The modeling of Substation 2 is identical to that of Substation I . The 25 kV supply for traction system is drawn through a single phase step down transformer. This is modeled as a 25 MVA, 220 kV/25kV, two winding single phase transformer with impedance of 12% at 25 MVA base. The average length of the catenary to be protected during normal feed conditions is 40 km. This feeder is modeled as ten 4 km pi sections, each having a longitudinal impedance of 0.169+]0.432 n/lan at 50 Hz and shunt capacitance of 0.01 1 f l k m [SI. This facilitates the simulation of earth faults from 10% to 90% of the line. In their simplest configuration, the TSCs are constituted of a capacitor bank, where each capacitor may be connected to the system through a thyristor switch and a damping reactor to limit rate of cum-nt. The TSC is modeled appropriately by choosing reactor and capacitor values tuned to a particular frequency (i.e. the third harmonic) and can reduce the harmonic pollution.
C. Locomotive model
The locomotives are assumed to be of the conventional thyristor type with a total locomotive rating of 2.5 MW (rated at 25 kV). They are modeled as two half-controlled thyristordiode bridge rectifiers with each rectifier having parameters of d . 
SIMULATION RESULTS AND ANALYSIS
In order to investigate the effects of the faults and loading conditions in the traction system, a number of cases have been studied with and without TSC.
A. Simulation waveforms
Figs. 5-7 show some representative simulation waveforms of the feeder voltage and feeder current. The commutation of the locomotive loads generates severe distortion on the track voltage. When four or more locomotives are running, the distortion becomes even worse and also the voltage becomes too low. Initially earth faults were simulated at different points on the traction feeder ('from 10% to 90% o f the line) with the bridging intemptor open and fault block (modeled as a switch in series with resistance RF and external timer control) connected. The SIMULINWPSB also facilitates the timing of the fault by varying the timer parameters, fault resistance and location of the fault, The bridging intemptor was then closed with the earth fault block removed and the WPC simulation studies were camed out. In this case, the waveforms of the feeder voltage, feeder current and load current were monitored at both the leading and lagging end substations as shown in Fig. 6 and Fig. 7 .
WPC maxlnmnrssistance rcnch W C minimum reactancc mach X,, WPC minimum rcactance ma& X , IV. RELAY CHARACTENSTIC Quadrilateral characteristics have proved very versatile in protecting railway overhead lines. It provides higher resistive coverage than mho characteristic [9] . They permit each relay to protect longer sections of the line, while avoiding the traction load. Heavy traction loading can lead to load encroachment problems. In the proposed digtal distance relay, the quadrilateral characteristic is as shown in Fig. 8 . The detection of the fault using the above logic applies to Zone-1 protection. The relay reach settings and other parameters have been chosen as given in Table I .
The traction OHE is subjected to frequent earth faults caused by failure of insulation, or by the OHE snapping and touching the earth. 
B. Relay Logic
The proposed relay characteristic can be realized by the following equations given in (5), (6) and ( Fig. 9 shows the hardware set-up for implementation of the proposed relay consisting of a PC based Waveform simulator, data acquisition system, DSP processor and the host PC system.
PC based Waveform Simulator system
The Waveform playback simulator system consists of a Digital-to-Analog converter PAC) card that is interfaced to a personal computer (PC) system. The data files containing the samples of the feeder voltage and current obtained from PSB/SIMULINK based simulation studies of traction system are reproduced on real-time basis using the DAC card. A sampling frequency of 60 times the power system frequency 
B. ReEay Sofhuare
The software used in the implementation comprises of Waveform simulator software for signal generation and the relaying software. The user interface software, written in C, runs on the personal computer PC-I shown in Fig. 9 to which the 12-bit DAC4815 DAC card is interfaced. The user interface software reads the data generation file, which consists of voltages and currents stored in the form of samples and the DAC card converts them into a continuous waveform. The relaying sofrware is written entirely in the Assembly language of the TMS320C50 processor. The relaying software comprises of data acquisition software, data processing software and application software.
The data acquisition software controls the operation of the data acquisition system. The entire data acquisition procedure has been implemented in real-time on Interrupt basis. A 16-bit programmable timer provided in the TMS320C50 board is used to control the sampling of the input signals. The appropriate count value for the required sampling time is loaded into the timer counter that can be used to periodically generate CPU interrupts. The timer operation is controlled by the Timer control register (TCR). Two circular buffers are maintained with appropriate pointers using the auxiliary registers of TMS320C50 to store the incoming samples. The data processing s o h a r e performs the necessary task of 
VI. RESULTS AND DlSCUSSION
The performance of the relay has been evaluated using the data simulated from MATLABISJMULINKIPSB based studies. The earth fault studies have been canied out for various locations along the traction feeder for different timing of the faults. The performance of the relay for various harmonics in the feeder voltage and current has also been analysed using the Fourier program. For each such case the phase of the feeder voltage and current in both substations and also the impedance seen by the relay at both substation has been tabulated. Table 11 shows the typical simulated cases. The load distributions have been coded as a number, with each case representing the number of fully loaded locomotives at the related loading points in Fig. 3 Table 111 . The feeder voltages and currents have been reproduced using the DAC card after suitable signal conditioning and scaling. The simulated signals are used to evaluate the relay characteristic. For testing, WPC faults, feeder voltage and currents of the lagging end substation have been fed, In this case the relay detects the fault in second quadrant of the characteristic. From Table I1 and Table 111 , it is observed that earth fault is detected in first quadrant of relay characteristic. For WPC fault, the relay at the lagging end detects the fault as seen in the second quadrant of the relay characteristic. For example, in Case 4 with load pattern (1 1000-10000) of 2 locomotives in Subl, 1 locomotive in Sub2, without TSC and earth fault at t=O.l3s at 80% of feeder (in Subl) line, the values of resistance and reactance are R = 9.46Q and X = 10.30. The earth fault is detected in first quadrant of relay characteristic. In Case 6 with load pattern (1 1100-00000) of 3 locomotives in Subl, no locomotive in Sub2, without TSC and WPC fault at t=O.l4s, the values of resistance and reactance at leading end are R = 16.2R and X =8.7R whereas the corresponding values at lagging end are R = -5.41R and X= 18.1R. The coinputations including relay logic are carried out within 120 p.s for an inter-sample interval of 1.67 ms (at 600 r-lz sampling frequency for the 50 Hz fundamental frequency) using the TMS320C50 DSP hardware scheme.
VII. CONCLUSIONS
This paper describes modeling and simulation of a 25 kV AC traction railway system using MATLABIPSB. The software supports the accurate modeling and simulation of the traction system. The earth fault and wrong-phase coupling fault are accurately simulated to evaluate the quadrilateral characteristic of single phase distance relaying scheme for traction feeders. The real-time implementation of the above scheme has been developed based on TMS320C50 DSP hardware. The mults of simulation studies as well as hardware implementation show that the proposed techniques prove to be accurate tools to develop high-speed and reliable distance relaying scheme for traction applications. 
